During the last decade, LUSA has progressively gained acceptance among anesthesia providers. Its clinical application has improved the diagnostic accuracy of potentially life-threatening conditions in the perioperative period. The noninvasive nature of this technique, lack of radiation, low cost, and easy access render this imaging approach reasonable for intraoperative and perioperative care. The use of LUSA for thoracic applications is now supported by clinical data and has been incorporated into best practice guidelines by medical specialties and consensus groups. LUSA is a contemporary skill that anesthesiologists should strongly consider incorporating into their clinical practice. E
S everal diagnostic and monitoring applications of lung ultrasonography in surgical anesthesia (LUSA) have been described over the last decade. [1] [2] [3] The inherent qualities of LUSA (wide availability, lack of radiation, portability, and immediate interpretation) make it particularly attractive for the intraoperative setting, and some have proposed that LUSA be used in the intraoperative period. 4 In this Open Mind, we describe how lung ultrasonography may contribute to the clinical assessment of intraoperative hypoxemia and suggest how anesthesiologists might benefit from LUSA.
METHODOLOGICAL FRAMEWORK FOR THE APPLICATION OF INTRAOPERATIVE LUNG ULTRASONOGRAPHY
The current approach to intraoperative hypoxemia involves an assessment of technical factors such as gas mixture, mechanical ventilator function and settings, anesthesia machine and circuit issues, and patient factors derived from lung auscultation, chest radiography, and flexible bronchoscopy. We argue that integrating ultrasound into this clinical approach will improve diagnostic accuracy and time to recognition of the most common causes of intraoperative or perioperative hypoxemia. This lung ultrasonography-empowered approach to hypoxemia utilizes many of the same techniques as conventional approaches (Table 1 ) and adds distinct features related to ultrasound itself ( LUSA is based on a well-validated collection of signs ( Figure) . 5 In addition, clinical context (preexisting hypoxemia, recent dyspnea, or acute change in oxygen saturation) is crucial for the application of LUSA. The most relevant preoperative diagnoses identifiable by LUSA include acute interstitial pulmonary edema (APE), pleural effusions, and lung consolidation. LUSA has a high (>90%) sensitivity for detecting the B-line pattern (>3 B lines in a longitudinal scan), which is the hallmark of APE in patients without preexisting end-stage lung disease. The B-line pattern can be seen on LUSA in either high-pressure (cardiogenic) or low-pressure (capillary leak) APE 6 and is the visual analog to crackles in lung auscultation. B lines, however, are much more sensitive than crackles or even arterial oxygen partial pressure for diagnosing APE. In patients with acute respiratory distress syndrome (ARDS), LUSA may reveal a nonhomogenous distribution of B lines in nongravitydependent lung regions, irregular pleural lines, diminished lung sliding, and subpleural consolidations. 7 Furthermore, LUSA characterizes ARDS severity more accurately than do lung compliance and oxygenation index. 8, 9 In patients with chronic lung disease, B lines are present at baseline, and sequential LUSAs finding fewer B lines after diuretic administration may clarify the diagnosis of APE.
Although the B-line pattern is the hallmark of APE, its presence is not pathognomonic as it may be seen in other conditions such as preexisting pulmonary fibrosis, pneumonia, and loss of aeration not reaching the magnitude of complete atelectasis. Hence, clinical context is important. Under optimal conditions, the diagnostic accuracy of LUSA for APE (95%) is higher than chest x-ray (72%) and auscultation (55%) in patients with ARDS. 10 A preoperative moderate to large pleural effusion is another potential cause of early oxygen desaturation after anesthesia induction. 11 LUSA not only identifies such effusions but also provides semiquantitative data that can impact the decision to insert a thoracostomy tube or perform preoperative thoracentesis. By using Balik's simplified formula, 12 V = Sep × 20, clinicians can calculate the volume of pleural fluid in milliliters (V). Three measurements are taken and averaged with the ultrasound-phased array probe perpendicular to the thorax.
LUSA also permits bedside recognition of pneumonia and atelectasis, 2 potential causes of lung consolidation and hypoxia. The ultrasound appearance of lung consolidation in pneumonia is described as hyperechoic punctiform images with irregular boundaries, a liver tissue-like appearance termed lung hepatization, and multiple well-defined, irregularly spaced B lines originating from the pleural line. Furthermore, pneumonia can produce visible dynamic linear air bronchograms, an ultrasound finding pathognomonic for consolidation. 13 In contrast, atelectasis is characterized by fewer B lines, static air bronchograms, and a homogenous hyperechoic appearance.
Intraoperative Period
The intraoperative application of ultrasound is an emerging area of interest. A 2017 pilot study 14 found that LUSA may be used to track the degree of atelectasis during laparoscopic surgery and that LUSA findings correlate with changes in oxygenation. Specifically, the authors found that an ultrasound-derived aeration score correlated with oxygenation (Pao 2 /Fio 2 ratio) changes.
14 Another 2014 investigation by Acosta et al 15 found good agreement between LUSA and magnetic resonance imaging assessments of atelectasis. In addition to evaluating atelectasis, dynamic visualization of www.anesthesia-analgesia.org 1771 the larynx and upper trachea via transcricothyroid probe placement can also confirm correct endotracheal tube positioning during and after placement. 16 In patients with suspected pneumothorax, LUSA may not only provide a more timely and accurate assessment than chest radiography 17 but also permit real-time guidance at the moment of thoracostomy tube insertion. M-mode echocardiography can demonstrate the stratosphere or barcode sign, which represents reflection of the ultrasound beam from a static interface between the visceral and parietal pleura. The absence of sliding between visceral and parietal pleura suggests a pneumothorax. Another ultrasound finding that argues against pneumothorax is B lines, which in the presence of a pneumothorax would not be seen due to intrapleural air. Visualization of a pleural effusion and/or lung consolidation also allows pneumothorax to be ruled out, as even a thin layer of air beneath the parietal pleura would prevent imaging of pleural fluid or deeper Finally, LUSA can provide real-time feedback for the treatment of atelectasis as clinicians can visualize changes in lung aeration when positive end-expiratory pressure and recruitment maneuvers are used. 9 
EVIDENCE-BASED MEDICINE FOR THE APPLICATION OF INTRAOPERATIVE LUNG ULTRASONOGRAPHY
Lung ultrasound has emerged as a timely noninvasive bedside tool and demonstrated higher diagnostic accuracy compared to chest radiography and auscultation for many conditions. We have summarized in Table 3 3,6,11,16,17 the most current literature regarding patient-related conditions associated with hypoxemia and utilization of lung ultrasound for improved diagnostic accuracy. Much of this literature is summarized in the first International Consensus Conference on Lung Ultrasound. 13 A 2013 meta-analysis found satisfactory diagnostic accuracy of LUSA for pneumothorax, with a pooled sensitivity of 78.6%-90.9% and specificity of 98.2%-98.4%. 17 In a 2012 study of 362 patients, LUSA also performed well in diagnosing pneumonia with a sensitivity of 93.4% and a specificity of 97.7%. 18 Currently, the evidence for the intraoperative use of LUSA to diagnose hypoxemia is scarce. However, experience will accumulate with more widespread LUSA training for anesthesiology residents, greater implementation of LUSA curricula in anesthesiology residencies, increasing availability of ultrasound devices in the operating room, and heightened awareness of the intraoperative use of LUSA. A 2017 trial finding an ability of LUSA to track perioperative atelectasis, 14 for example, suggests such a role. Existing literature regarding the use of LUSA for diagnosing APE, pneumothorax, consolidation, and/ or pleural effusion also supports a role for LUSA in the operating room.
RECOGNITION OF PITFALLS AND LIMITATIONS IN INTRAOPERATIVE ULTRASONOGRAPHY
LUSA images may not reflect a disease state with 100% certainty. For example, the presence of lung sliding in B mode and the sandy beach sign in M mode will have a nearly 100% negative predictive value for the diagnosis of a pneumothorax at that scanned level. However, the positive predictive value in the absence of those ultrasound reflections varies between 55% and 90%. Thus, the absence of lung sliding does not always imply the presence of a pneumothorax. Furthermore, pleural adhesions or large emphysematous bullae can present as a lack of pleural sliding in the absence of a pneumothorax. 19 In addition, a lung point sign may not be visible in a circumferential pneumothorax. Finally, access to the thorax during surgery may be limited by surgical drapes and the surgical procedure. However, sterile probe covers are available, which can facilitate LUSA evaluation of anatomic regions in proximity to the surgical field. The results of this meta-analysis suggest that POC US using B lines may aid clinicians in the diagnosis of ACPE Abbreviations: ACPE, acute cardiogenic pulmonary edema; CI, confidence interval; CT, computed tomography; CXR, chest x-ray; POC, point of care; ROC, receiver operating characteristic curve; US, ultrasound.
